The seasonal bloom of the toxic dinoflagellate Alexandrium tamarense, with reference to the ambient oceanographic conditions in Hiroshima Bay, Seto Inland Sea, Japan is described. Long-term observations on the vegetative cells of A. tamarense were conducted biweekly to monthly at one fixed station in northern Hiroshima Bay, where recurrent paralytic shellfish poisoning (PSP) incidents have been occurring since 1992. Over the 5-year study period, from April 1994 to December 1998, vegetative cells of A. tamarense were detected each year within the period from January to June. Observed annual maximum cell densities of A. tamarense reached 10 3 -10 4 cells/L, and mostly peaked at a depth layer of 5 m at the sampling station in April or May. Oceanographic conditions during the bloom period were as follows: water temperatures ranged from 10.2∞C to 20.2∞C, and thermal stratification gradually developed around April. Inorganic nutrient concentrations were markedly low throughout the bloom period. Particularly, the annual lowermost concentration of SiO 2 -Si was observed each year during this period. These environmental features indicate that the occurrence of vegetative cells of A. tamarense seems to be explained by temperature and nutrient conditions and that the A. tamarense bloom developed subsequently to or concomitantly with the diatom spring bloom.
INTRODUCTION
In Hiroshima Bay, the first outbreak of paralytic shellfish poisoning (PSP) was reported in April 1992, 1 which was caused by the toxic dinoflagellate Alexandrium tamarense. After that incident, a bloom of A. tamarense has been observed almost every year and recurrent toxin contamination in shellfish (oyster and short-necked clam) has become a serious problem for the local shellfish industry and public health. 1, 2 Alexandrium species are known to occur in many different hydrographic regimes of the world. [3] [4] [5] [6] In the north-eastern United States, there seems to have been a gradual, southward dispersal of toxic Alexandrium species over the past several decades. 6 Also in Japanese coastal waters until the 1980's, A. tamarense was distributed mostly over the northern part of the Pacific coast (Hokkaido and Tohoku regions). 7 In recent years, however, A. tamarense seems to have become a conspicuous species in south-western Japan, including Hiroshima Bay. 2, [8] [9] [10] Anderson has described the bloom dynamics of Alexandrium species at five separate habitats in the north-eastern United States. 6 In these regions, the timing and extent of bloom development were determined by a unique set of environmental factors for each habitat. Thus, it is important to know the relationship between the occurrence of vegetative cells and the local hydrographic condi-
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Cell counts
For enumeration of A. tamarense vegetative cells, 500 mL aliquots of each seawater sample were concentrated to 10 mL with polycarbonate membrane filters (diameter 47 mm, pore size 8 mm; Nuclepore, Scarborough, ME, USA) using a hand-operated vacuum pump (Nalgene, Rochester, NY, USA).
14 Triplicate counts were made for 1 mL aliquots of the concentrated samples under a light microscope. The detection limit of this procedure is < 6.7 cells/L. These procedures were conducted on the day of each sampling. Species identification of A. tamarense was made based on thecal plate observations under an epifluorescence microscope after staining with Calcofluor White M2R.
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Nutrient analysis
For dissolved inorganic nutrient analysis, seawater samples were filtered through a precombusted glass fiber filter (GF/C; Whatmann, Maidstone, Kent, UK) and kept frozen at -20∞C until required for analysis. The filtrates were analysed for DIN (NO 3 -N + NO 2 -N + NH 4 -N), PO 4 -P and SiO 2 -Si using a TRAACS 800 autoanalyzer (Bran Luebbe, Hamburg, Germany) according to the method of Strickland and Parsons.
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RESULTS
Vegetative cells
Thecal plate observations confirmed that the species was A. tamarense. Over the 5-year study period, vegetative cells of A. tamarense were detected each year between January and June (Fig.  2) . In the present report, the term 'bloom period' is used to indicate the period from the first detection through to the last observation of the vegetative cells. Except for 1998, the bloom period of A. tamarense was observed from February to May. Within this period, vegetative cell densities ranged from undectected (< 6.7 cells/L) to 9.3 ¥ 10 4 cells/L. The population generally peaked from April to May at the 5 m depth layer, with maximum cell densities ranging from 4.0 ¥ 10 3 to 9.3 ¥ 10 4 cells/L each year (Fig. 2 ). All these blooms caused PSP incidents (> 4.0 MU/g) during late April to May. Figures 3 and 4 show the seasonal changes of temperature and salinity in the water column (surface, tions. Although several ecological studies on A. tamarense blooms have been done within the northern area of Japan, [11] [12] [13] information on such blooms in the south-western area are scarce. Hence, the present paper focuses on the seasonal bloom of A. tamarense with reference to the environmental factors during the occurrence period of vegetative cells, in order to elucidate the population dynamics of A. tamarense in south-western Japan.
Seasonal changes of environmental parameters
MATERIALS AND METHODS
Study site
Sampling was carried out weekly to monthly from April 1994 through December 1998, on the research vessel Seto. The sampling station (station 11, depth of ª 25 m) was located at the northern part of Hiroshima Bay, in a shallow coastal embayment near Kure City (Fig. 1) . Within the bay, the highest cell density of A. tamarense has been detected in the vicinity of station 11, and resting cysts are also abundant (> 1000 cysts/g wet sediment) in the bottom sediment at the study site. 
Water sampling
Water samples were taken with a bucket or Niskin sampling bottle (General Oceanics Inc., Miami, FL, USA) at the following depth layers: the surface, 5 m, and 10 m, and 1 m above the bottom (B-1 m). Water temperature and salinity were measured using a temperature-salinity bridge (Model 602; Yeo-Kal, Brookvale, NSW, Australia) at the same depth and time as when the water samples were collected.
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S Itakura et al. 5 m, 10 m, and B-1 m depth layers). Seasonal trends in water temperature were similar over the 5-year study period, with a continuous increase from approximately 10∞C in March to an annual maximum (25-28∞C) at the surface in August and a steady decrease after September. Within the bloom period, water temperatures ranged from 10.2∞C to 20.2∞C (Fig. 3) . Thermal stratification, as judged by the difference in surface and bottom temperatures, developed from April to August and the water was vertically mixed from September to March. The A. tamarense bloom occurred within the period of transition from vertical mixing to thermal stratification (Figs 2,3) .
Salinities ranged from 15.0 psu (surface, July 1997) to 33.8 psu (B-1 m, April 1995). Low salinity at the surface layer was mainly due to river run-off from the Ohta River (Fig. 1 ) during the annual rainy season (June to July). During the A. tamarense bloom period, changes in salinity were not as marked (Fig. 4) . Seasonal changes of inorganic nutrient concentrations are presented in Figs 5-7. DIN (NO 3 -N + NO 2 -N + NH 4 -N) varied from 0.2 mM to 17.1 mM (Fig. 5) . PO 4 -P varied from undetected (below the detection level) to 2.77 mM (Fig. 6) . SiO 2 -Si varied from 0.3 mM to 80.6 mM (Fig. 7) . Overall, seasonal trends in nutrient concentrations between years were similar, with a considerable increase in the bottom layer (B-1 m) during summer and a Figure 9 shows the relationship between ambient salinity and the cell density of A. tamarense. No significant correlation was observed between salinity and cell density (r = -011, d.f. = 65, P > 0.1). High cell densities of A. tamarense (> 10 3 cells/L) were observed over a relatively broad salinity range from 30.7 psu to 33.6 psu. Figure 10 shows the relationships between ambient inorganic concentrations of DIN, PO 4 -P, and SiO 2 -Si and the cell density of A. tamarense. decrease over the entire water column from fall through to winter. Inorganic nutrient concentrations were quite low throughout the A. tamarense bloom period (DIN, 0.3-8.5 mM; PO 4 -P, undetected to 0.69 mM; SiO 2 -Si, 0.6-22.1 mM). Particularly, annual lowermost concentrations of SiO 2 -Si (< 5 mM) were observed during this period.
Ambient oceanographic parameters versus cell densities
The relationship between ambient water temperature and the cell density of A. tamarense is presented in Fig. 8 . There was no significant correlation between water temperature and cell density 80 FISHERIES SCIENCE S Itakura et al. There are similar trends shown in these relationships; that is, dense vegetative populations (> 10 3 cells/L) were observed at the lower concentrations for each nutrient (DIN, < 2.2 mM; PO 4 -P, < 0.09 mM; SiO 2 -Si, < 10.8 mM), and a significant correlation was observed between cell densities and DIN (r = -0.45, d.f. = 65, P < 0.01), PO 4 -P (r = -0.47, d.f. = 65, P < 0.01), SiO 2 -Si (r = -0.49, d.f. = 65, P < 0.01), respectively.
DISCUSSION
There are several experiments that have examined the effects of temperature and salinity on the growth of A. tamarense isolated from Japanese coastal waters. [17] [18] [19] Yamamoto and Tarutani have investigated these effects using a clonal culture of A. tamarense isolated from Hiroshima Bay. 19 The ranges of temperature and salinity in which A. tamarense was able to grow were 10-20∞C and 15-35 psu, respectively. They also demonstrated that the optimum temperature and salinity combination for growth is 15∞C and 30 psu. Overall, their experimental data are in accordance with the field observations of the present study (Figs 8,9 ).
In the present study, sampling was carried out at only one station. It would have been desirable to conduct samplings at two or more stations in order to know the correct occurrence pattern of the vegetative cells, but sampling at one station proved to be sufficient for grasping the occurrence pattern of A. tamarense for the following reasons: (i) the water whereas water temperature generally exceeds the higher limit (> 20∞C) (Figs 3,4) . Thus, temperature would be the main limiting factor restricting the annual occurrence of vegetative cells in the bay.
Along the northern Pacific coast of Japan, A. tamarense blooms are occasionally detected twice, once in spring and once in summer. 12, 13, 21 For example, in Ofunato Bay, water temperature from the surface to depth layers of 5 m ranges between 5∞C and 20∞C from March through to July, and blooms have been detected in March to April and June to July. 13 Prolonged periods of low temperature environments in the northern area allow the repeated (or a long period of) occurrence of blooms in the water column. Conversely, the surface water temperature rapidly exceeds 20∞C exchange rate of Hiroshima Bay is low and the influence by river discharge is weak around the sampling site; 20 (ii) the occurrence pattern of the vegetative cells of A. tamarense was almost the same over the 5-year study period (Fig. 2) ; and (iii) the occurrence pattern of the vegetative cells of A. tamarense was almost the same at 13 different stations within Hiroshima Bay (Hiroshima prefecture, personal communication).
The results of the present study showed that the occurrence of the A. tamarense bloom is highly seasonal. Within Hiroshima Bay, the occurrence of vegetative cells of A. tamarense was observed each year in spring (Fig. 2) . From summer to fall, salinity fluctuates mostly within a range that is suitable for the growth of vegetative cells (i.e. 15-35 psu),
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S Itakura et al. around June in the south-western coastal waters of Japan (Fig. 3) ; hence, the occurrence of vegetative cells of A. tamarense is restricted to a shorter period compared to the northern area.
The blooms of A. tamarense developed under markedly low nutrient concentrations (Figs 8-10 ). Preceding the A. tamarense bloom from December to March, large diatoms such as Stephanopyxis palmeriana, Thalassiosira rotula, Ditylum brightwelii and Coscinodiscus wailesii are observed in the water column (data not shown), and these large diatoms are known to exhaust inorganic nutrients in the water column. 22 A continuous decrease in DIN, PO 4 -P, and SiO 2 -Si concentrations (Figs 5-7) would also indicate that the diatom bloom occurred during this period. As silicate seems to decline even during the period of the A. tamarense bloom (Figs 7,10c) , the bloom appears to develop subsequently to or concomitantly with the diatom spring bloom.
Another distinctive environmental feature of the bloom period is the shift in water column stability. The A. tamarense bloom occurred during a period of transition from vertical mixing to thermal stratification (Figs 2,3) . Vertical mixing would help the non-motile diatom population to maintain itself at the surface layer, while inhibiting the growth of dinoflagellates. 23 Conversely, a stratified and low nutrient environment may result in the predominance of a dinoflagellate population. 24 This environmental feature (change in water stability) would also enhance the decline of a diatom popu- the benthic cysts play an important role in their population dynamics. [25] [26] [27] Previously, we have presented data demonstrating that the cysts of A. tamarense are densely distributed in the bottom sediments of northern Hiroshima Bay. 8 Recently, we completed a long-term investigation of the cyst dynamics (temporal abundance in the bottom sediments, dormancy, and seasonal changes in the germination ability, etc.) at the same sampling station as that of the present study.
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Vegetative cell density and its distribution would be affected by the water exchange rate of the bay, because the scale of horizontal diffusion is usually greater than that of vertical diffusion. Hence, it would be necessary to evaluate the water exchange rate with the neighboring areas when considering the magnitude of the bloom.
The present study describes the relationship between the seasonal bloom of A. tamarense and the surrounding environmental conditions in Hiroshima Bay. The dynamics of the vegetative population are partially explained by the physical and chemical environment. But A. tamarense is known to have a meroplanktonic life cycle, 25 and 84
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85 Fig. 8 Observed relationship between ambient water temperature and the cell density of Alexandrium tamarense over a 5-year study period at station 11 (n = 67).
Fig. 9
Observed relationship between ambient salinity and the cell density of Alexandrium tamarense over a 5-year study period at station station 11 (n = 67). 
